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Quantum correlated, highly non-degenerate photons can be used to synthesize disparate
quantum nodes and link quantum processing over incompatible wavelengths, thereby con-
structing heterogeneous quantum systems for otherwise unattainable superior performance.
Existing techniques for correlated photons have been concentrated in the visible and near-
IR domains, with the photon pairs residing within one micron. Here, we demonstrate direct
generation and detection of high-purity photon pairs at room temperature with 3.2 um wave-
length spacing, one at 780 nm to match the rubidium D2 line, and the other at 3950 nm that
falls in a transparent, low-scattering optical window for free space applications. The pairs
are created via spontaneous parametric downconversion in a lithium niobate waveguide with
specially designed geometry and periodic poling. The 780 nm photons are measured with
a silicon avalanche photodiode, and the 3950 nm photons are measured with an upconver-
1
ar
X
iv
:1
70
8.
05
90
9v
2 
 [p
hy
sic
s.o
pti
cs
]  
13
 Se
p 2
01
7
sion photon detector using a similar waveguide, which attains 34% internal conversion ef-
ficiency. Quantum correlation measurement yields a high coincidence-to-accidental ratio of
54, which indicates the strong correlation with the extremely non-degenerate photon pairs.
Our system bridges existing quantum technology to the challenging mid-IR regime, where
unprecedented applications are expected in quantum metrology and sensing, quantum com-
munications, medical diagnostics, and so on.
Quantum technology is shaping our future in a multitude of areas1–6. Thus far, a rich vari-
ety of quantum devices and systems have been developed using disparate materials and structures,
which range from trapped atoms7 and defects in solid states8, to superconductors9 and nonlin-
ear nanostructures10, 11, with each uniquely advantageous for certain quantum processing tasks12.
To access the full potential of the quantum technology, disparate quantum elements need to be
synthesized to form complex, heterogeneous systems, for integrating each’s distinct and comple-
mentary utility to achieve quantum supremacy. To this end, quantum correlated photons at vastly
non-degenerate wavelengths are desirable to interconnect those elements and cross-link quantum
processing in incompatible spectral domains, for example, by having each of the correlated photons
interfering with a disparate quantum node12–15. Till now, a wealth of techniques have been devel-
oped for and based on quantum correlated photons, but only in the visible and near-IR spectra16–20.
The development in longer wavelength regimes has been scarce, which has prevented those pow-
erful quantum techniques from spreading to the mid-IR regime (3 to 8 microns) where transfor-
mative applications in imaging, sensing, and communications reside. Only very recently, pho-
ton pairs have been generated at 3.1 microns, albeit with similar wavelengths and rather limited
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correlation21.
Here we report on direct generation and measurement of correlated photons spaced by as
much as 3.2 um in wavelength, between 780 nm and 3950 nm, using only room temperature de-
vices. Quantum correlation over such distant spectra can bridge the existing quantum photonic
technology in visible and near-IR into the rarely-visited, challenging mid-IR regime, thereby en-
abling new domains of quantum operations. As an immediate application, mid-IR single photons
can be generated via heralding, by detecting the 780 nm photons with commercial, highly-efficient
silicon avalanche photodiode. This photon source will give rise to a number of powerful single-
photon technology in mid-IR for new capabilities in gas molecules probing, environmental mon-
itoring, and imaging22–24. In another application, the quantum correlation between visible and
mid-IR photons can lead to exotic nonlinear interference for highly-sensitive measurements of gas
molecules. This effect has been recently demonstrated for carbon dioxide molecules, whose re-
fractive index and absorption in mid-IR are determined by using solely visible optics25.The third
application may be found in free-space quantum communications, for which light around 4 mi-
cron has been measured to experience much less scattering and scintillation comparing with other
commonly used wavelengths26. Falling in a transparent window of the atmosphere with an accept-
able background level of blackbody radiation, the 3950 nm photons are superior for free-space
quantum communications under dynamic, scattering weather conditions, such as in urban or mar-
itime environment. With their partner photons at 780 nm—a convenient wavelength for quan-
tum memory27 and detection with silicon avalanche photodiodes (Si-APD)—several quantum-
communication protocols are ready to be implemented, including the Ekert protocol4, a high-
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dimension version of BB84 protocol28,quantum repeaters protocol29, and quantum secure direct
communication protocol30, 31.
Our photon pairs are created through spontaneous parametric down conversion (SPDC) in
a magnesium-doped periodically-poled lithium niobate (MgO:PPLN) waveguide. Although sim-
ilar waveguides have been used for SPDC in the visible and near-IR regimes, here the extreme
non-degeneracy between the photons poses significant challenges in the spatial-mode and phase
matching in the waveguide. In response, our waveguide’s geometry is carefully tailored to support
overlapping fundamental transverse modes for all lightwaves, and its optical domains are period-
ically poled to offset the large phase mismatch. By fine tuning and stabilizing the waveguide’s
temperature, a high -87dB SPDC efficiency is achieved.
The generated 780 photons are detected directly by a free-running Si-APD with ultralow
dark count (< 1.4 counts/second). However, there is no available photon detector for the mid-IR
photons at room temperature. The existing mid-IR detectors require cryogenic cooling and suffer
low detection efficiency yet high dark count32, 33. Instead, our 3950 nm photons are measured by
an upconversion photon detector, consisting of another PPLN waveguide to convert them to 651
nm for detection in a second Si-APD. The waveguide, which has of similar geometry and periodic
poling with the SPDC waveguide, achieves 34% internal conversion efficiency with 2.6×10−6 pho-
ton noise per time-frequency mode. Meanwhile, it acts a filter to reject background photons not
falling in the phase matching band for the conversion. Furthermore, by using broadband, mode-
shaped pumping pulses, it can also selectively upconvert the signal photons over interfering noises
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that overlap in both time and spectrum34. These unique capabilities offered by such upconversion
detectors will prove crucial for photon-starving applications, such as free-space quantum commu-
nications over free space and remote sensing, where the received signal is swamped by ambient
photons.
The correlation measurement between the 780 nm and 3950 nm photons yields a coinci-
dence to accidental ratio of 54, which indicates high quantum-state purity of the pairs. This gives
a Franson visibility of 96% in the context of time-energy entanglement35, which is on par with ex-
isting SPDC sources in visible and near-IR. It also suggests that, by detecting the 780 nm photons,
mid-IR photons can be generated via heralding with g2(0) = 0.08, making it a high-quality single
photon source in mid-IR.
The remaining of this paper is organized as follows. In Section 1, we describe the experi-
mental setup. In Section 2 and 3, we present the results on single-photon detection and photon-
correlation measurement, respectively. In Section 4, we present a conclusion and prospective.
1 Quantum correlated photon pair generation.
SPDC, a quantum nonlinear process in which a pump photon is converted to a pair of signal and
idler photons, has been used ubiquitously for photon-pair generation, mostly in the visible and
near-IR spectra21, 36. It is efficient only when the pump, signal, and idler satisfy the energy and
momentum conservation:
kp − ks − ki + 2pi
Λ
= 0, (1)
5
ωp − ωs − ωi = 0, (2)
where kj and ωj (j = p, s, i) are the wave number and angular frequency, respectively, for the
pump, signal, and idler, and Λ is the periodic poling period. For the current SPDC process where
a 651.2 nm pump photon downconverts to a pair of a 779.8 nm signal photon and a 3950 nm
idler photon. The detuning of the pair is over 3.2 microns, or >300 THz, which is the largest
detuning thus far in any waveguide-based photon source. Because of this extreme nondegeneracy,
there are two major challenges in attaining efficient SPDC. First, the transverse modes for the
signal and idler are very dissimilar, which can cause significant transverse-mode mismatch thus
a low nonlinear coupling efficiency. To overcome this difficulty, the waveguides are designed
to have dimensions comparable to the idler wavelength, i.e. a silicon-dioxide cladded core with
3.5 um height (D) and 11 um top width (Wt) ridge structure as shown in Fig. 1 (a), so that all
lightwaves are in their respective fundamental quasi-transverse-magnetic (quasi-TM) modes for the
maximum overlap. Figure 1 (c) shows quasi-TM modes for the pump, signal and idler wavelengths,
which are simulated via finite elements method (FEM) based on the parameters extracted from
our actual waveguide, indicating a good mode overlap. Second, there is a large group velocity
difference between the signal and idler photons, leading to strong phase mismatching. In response,
the waveguide is periodically poled with a domain length of 16.7 micron to achieve quasi-phase
matching for those fundamental transverse modes. The temperature of the PPLN waveguide is
fine tuned and stabilized at 32.2 ± 0.1 ◦C to maintain the optimum phase matching for the highest
SPDC efficiency.
The phase matching properties for the SPDC and upconversion waveguides are nearly iden-
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tical, as they are constructed similarly. To measure their bandwidth, we use weak coherent pulses
centered at 3950 nm, created by difference frequency generation between strong 651.2 nm pulses
and seeding pulses at 779.8 nm. The same 3950 nm pulses are used to fine tune the waveguide’s
temperature and optimize the optical beam alignment for the maximum conversion for the idler
photons. The phase matching of the upconversion waveguide is then characterized by scanning
the wavelength of the upconversion pump while fixing the weak coherent pulses, both maintained
at constant power. The upconverted light is measured by using a high sensitivity optical spec-
trum analyzer (OSA). The measured phase matching results are plotted in Fig. 1 (b), where a clear
phase-matching peak is shown.
Figure 2 shows a schematic of the experimental setup, where the photons are created in a
PPLN waveguide through SPDC: 651.2 nm → 779.8 nm + 3950 nm. The signal photons are
filtered and detected by using a free-running fiber coupled Si-APD. Here the Raman scattering
photons of the pump pulses falling in the signal band is not expected to be significant due to the
large detuning between the pump and signal wavelength of more than 2500 cm−1 37. The idler
photons are first frequency upconverted to 651.2 nm using another PPLN waveguide pumped by
779.8 nm pulses (779.8 nm + 3950 nm→ 651.2 nm) and eventually detected by a second Si-APD.
More details are given in the Method section.
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Figure 1: (a) Cross-sectional view of the SPDC and upconversion PPLN waveguide (HC Photonics
Corp.), with dimensions (in micron): D=3.5, TLN=6.2, WB=7.8, WT=11, WC=16, TSiO2=0.7 (b)
The measured phase matching profile of the upconversion waveguide (the PSDC waveguide is
similar). Blue dots show the experiment results and dashed line is the simulation result of the
upconverted optical power plotted against the frequency offset of upconversion pump wavelength
(c) The simulated fundamental quasi-TM modes of SPDC and upconversion waveguides for the
pump (651.2 nm), signal (779.8 nm) and idler (3950 nm) wavelengths for the waveguide geometry
in (a).
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Figure 2: Experimental setup: A 651.2 nm pulse train with 10 MHz repetition rate and 130 ps pulse width is coupled
into a 2.2-cm long PPLN waveguide through an anti-reflection coated aspheric lens. The waveguide’s temperature
is stabilized at 32.2 ± 0.1 ◦C using a temperature controller (not shown). The output photon pairs at 779.8 nm and
3950 nm are collimated by using an off-axis parabolic mirror and separated into two paths at a dichroic mirror. The
signal photons are first guided through a 780 nm bandpass filter set in free space (bandwidth: 3 nm; extinction: 140
dB) which rejects the pump pulses while defining the detection bandwidth, before collected by a fiber collimator and
detected by a free-running Si-APD. The idler photons are steered through a 3950 nm bandpass filter (bandwidth: 90
nm; extinction: 70 dB) and combined with a 779.8 nm pulse train with 130 ps pulse width and 10 MHz repetition rate
that is synchronized with the SPDC pump. The two are then focused by using another off-axis parabolic mirror and
coupled into a second PPLN waveguide for frequency upconversion of the idler photons to 651.2 nm. The upconversion
waveguide is similar to the SPDC wavegude but with temperature stabilized at 62.2 ± 0.1 ◦C for the optimum phase
matching. The upconverted photons are picked by a 650 nm bandpass filter set that rejects the pump by more than 160
dB, as well as any out-of-band background photons created by in the waveguide. Those photons are then coupled into
a fiber collimator and detected by another free-running Si-APD. The coincident detections between the two Si-APD
are recorded with a time-to-digital-converter (TDC). 9
2 Single Photon Detection
At 780 nm, the signal photons are measured directly using a Si-APD after filtering. Figure 3 (a)
plots the measured signal-photon generation probability as a function of pump peak power, which
displays a linear dependence, as expected. From the slope, the SPDC efficiency is estimated to
be -87 dB, meaning that about one in every 5 × 108 pump photons probalistically downconverts
into a pair of correlated photons. Figure 3 (b) plots the histogram of the signal photon arrival
time by the means of time-correlated single photon counting, shown a single-photon pulse of 130
ps full width at half maximum (FWHM) after the filters. The cascaded filters centered at 780 nm
provide an effective spectral bandwidth of 3 nm (FWHM), so that there are effectively 100 detected
time-frequency modes38.
10
2 4 6 8 10 12
0.002
0.004
0.006
0.008
0.010
0.012
Ph
ot
on
 p
ai
r p
ro
ba
bi
lit
y 
pe
r p
ul
se
SPDC pump peak power[mW]
(a)
0 200 400 600 800 1000 1200 1400
0
5
10
15
20
25
Ph
ot
on
 c
ou
nt
s[
x1
03
]
Time[ps]
(b)
Figure 3: (a) Measured signal photon generation probability as a function of the SPDC pump peak
power, where black dots are the experimental data and the black solid line is a linear fit. The
error bars, 1 s.d. (are smaller than the symbol size) assuming Poissonian counting statistics. (b)
Histogram of the signal photon arrival time by the means of time-correlated single photon counting
measurement integrated in 100 seconds.
In contrast, direct detection of mid-IR photons has been demonstrated using cryogenically-
cooled superconducting nanowire single photon detectors (SNSPD), whose responses in principle
cover a wide spectrum from visible to mid-IR39, 40. However, there is a sharp decline in the de-
tection efficiency accompanied by a rapid rise of intrinsic dark count in the mid-IR regime40,
which impedes its utility. To overcome this difficulty, upconversion detection has emerged as a
viable alternative and as shown very recently, has an edge over SNSPD’s for dark-count suscep-
tible applications21. Here, we utilize quantum frequency conversion to upconvert the 3950 nm
photons in a PPLN waveguide into a visible wavelength at 651.2 nm and subsequently detected by
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a low-dark count (1.4 counts per second) Si-APD at free running. The phase matching bandwidth
of the waveguide is measured to be 5.6 nm (FWHM), corresponding to 107 GHz in spectral band-
width. This rather narrow phase matching bandwidth intrinsically filters out background photons
outside the idler band. Even for those in-band noise photons, further rejection is attainable by
using broadband, mode-shaped upconversion pump pulses approach the phase matching limit34.
This is especially advantageous for quantum applications in the mid-IR regime where substantial
background noise exists, such as from the blackbody radiation.
To contrast the upconverted idler photons with the Raman-scattered photons, we record the
total single photon counts with the SPDC on and off, from which the true-upconverted idler-photon
counts are derived through subtraction of the latter from the former. Then, the internal upcon-
version efficiency was characterized by dividing the true upconverted idler-photon counts by the
correlated signal-photon counts at 780 nm over the same integration period (see the following
section), after accounting for all linear losses and the quantum efficiency of each Si-APD, as ex-
plained in detail in the Method section. The result as a function of the upconversion pump peak
power is shown in Fig. 4(a), with the highest conversion efficiency 33.9 ± 1.8% achieved at the
peak pump power of 3.8 W. The efficiency decreases as the power further increases. This saturation
of conversion efficiency is likely due to the existence of multiple spatial modes for the photons.
To understand this result, we numerically simulate the frequency upconversion of the idler
photons at 3950 nm by strong pump pulses at 779.8 nm. First, the normal modes of the photon
pairs and the photon pair generation probability for each mode are calculated via the modal decom-
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position of their joint spectral function—determined by the pump profile and phase matching for
SPDC, and the filter profile for the signal photons 41. This calculation finds a total number of SPDC
modes to be about 15, approximately equal to BT/4, with B the phase matching bandwidth of the
SPDC waveguide and T the temporal width of the SPDC pump pulses. Then, the upconversion
process for the idler photons is modeled with a set of coupled Heisenberg equations, which are nu-
merically solved using a split-step Fourier transform method 42. The conversion efficiency for each
SPDC mode is simulated with the measured temporal profile of the upconversion pump pulses and
the upconversion waveguide’s phase matching profile. The simulation results for different peak
power of the upconversion pump, which assumes no free fitting parameter, is plotted in Fig. 4(a).
It shows a good agreement with experimental results, with the slight discrepancy likely due to the
existence of higher-order spatial modes for the pump pulses and the non-negligible propagation
loss in the waveguide, both of which have been neglected in the present simulation.
Figure 4(b) shows the number of noise photons created by the upconversion pump. With a
33.9% conversion efficiency, the noise photons are approximately 6.5×10−3 per pump pulse for
the 144 detected modes entering the Si-APD (see Fig. 4(b)). This can be lowered substantially to
4.5x10−5 per pulse if the number of the detected modes is reduced to 1, by either using shorter
pulses for the pump and SPDC photons, or using narrower bandpass filters for the upconverted
photons. The amount of noise photon counts is dependent on the number of the detected time-
frequency modes, as we show in Method section. Thus, it is crucial to reduce it, in order to
improve the signal-to-noise ratio which will in turn minimizing key error rate for real world QKD.
Also, if the conversion efficiency can be further increased, less pump power will required, so that
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the Raman photons will be suppressed. Taking into account the coupling losses, upconversion
efficiency ( 34%), and quantum efficiency (22%) of the Si-APD, the total detection efficiency of
the 3950 nm single photons is approximately 0.078% for the current under-optimized setup. It
can be improved significantly to 2.5% by replacing the present parabolic mirrors by ones with a
shorter focal length to reduce the total waveguide coupling loss by 6 dB, and using highly efficient
Si-APD’s with over 80% quantum efficiency.
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Figure 4: (a) The internal conversion efficiency of the upconversion waveguide. Red triangles are
the experiment data and the blue solid line is the numerical simulation without any free fitting
parameter. (b) The noise photon rate created by the upconversion pump as a function of its peak
power. The error bars are smaller than the symbol size.
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3 Coincidence measurement of quantum correlated photon pair
To quantify the purity of the quantum-correlated photon pairs, we perform photon coincidence
measurement between the signal (780 nm) and idler (3950 nm) photons. A coincident detection
is registered when both Si-APD’s click within the coincidence window. In contrast, an accidental-
coincidence detection is recorded when both Si-APDs click outside the coincidence window. Fig-
ure 5(a) plots a typical coincidence histogram between two Si-APDs, which exhibits an obvious
peak within the coincidence window, illustrating a pronounced timing correlation between the sig-
nal and idler photons. We measure the total coincidence and accidental-coincidence as a function
of the pump peak power. The true-coincidence counts—which result from the simultaneous de-
tection of the photon pairs—are obtained by subtracting the accidental coincidence from the total
coincidence. As shown in Fig. 5 (b), the true coincidence is linearly dependent on the pump power,
as expected for SPDC. In contrast, the accidental-coincidence arises from simultaneous detection
of two uncorrelated photons, and thus depends quadratically on the pump peak power, as shown in
the Inset of Fig. 5 (b).
The true coincidence to accidental-coincidence ratio, CAR, is plotted in Fig. 5(c) as a func-
tion of the SPDC pump peak power. A maximum CAR of 54±7 is obtained at a peak power of
9.7 mW, limited by the uncorrelated noise photons and dark counts of the upconversion detection
system. It can be improved by reducing the number of detected time-frequency modes of the signal
and idler photons to 143. For lower pump power, the CAR is only around 10∼20, which attributes
to the low photon-pair generation rate relative to the total dark count rate of the entire detection
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system. At high pump power, on the other hand, the multiphoton effect involving the simulta-
neous generation of more than a photon pair increases the probability of accidental-coincidence
detection, which leads to lower CAR values44. At the highest CAR of 54 ±7, we obtained a true
coincidence count of 275 within an integration time of 300 s. Considering the total detection effi-
ciency of 1.3% and 0.078% for the signal and idler, respectively, the photon pair production rate is
about 9.4× 104 pair per second, with spectral brightness of 4.4× 102 pair/s/nm/mW. We expect to
improve the production rate and spectral brightness by two orders of magnitude by simply using
GHz-repetition-rate pump pulses.
With CAR of 54±7, this SPDC source can already be used to generate two photon time-
energy entangled states with Franson-inteferometry visibility CAR−1
CAR+1
= 96 ± 0.6%35, on par with
SPDC sources in common wavelengths45, 46. Combined with appropriate quantum error correction
or privacy amplification, our SPDC scheme can be readily applicable for free-space QKD based
on time-energy entanglement in the mid-infrared spectrum. On the other hand, by adopting idler
photon at 3950 nm for free-space quantum channel and storing its twin photon at 780 nm photon
with a rubidium-based quantum memory, this SPDC source is an ideal candidate for quantum
secure direct communication protocol with quantum memory31. Furthermore, by detecting the
signal photons at 780 nm, the generation of idlers photons at 3950 nm can be heralded, with
a second-order correlation g2(0) = 0.08 ± 0.01547. By substituting the PPLN waveguide with
a PPLN crystal, the same strong correlation of the photon pairs can be translated to the spatial
domain for heralded or quantum ghost imaging applications in mid-IR, in which less than one
photon per pixel is sufficient to image an object48.
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Figure 5: (a) Histogram of the raw coincidence counts obtained with (red) and without (blue) input
of 3950 nm idler photons. Contribution from the upconversion noise photons and detector dark
counts are not subtracted. (b) Measured coincidence (red square), accidental coincidence (green
dot), true coincidence (blue dot), plotted as a function of pump peak power. (Inset) accidental-
coincidence(green dot) plotted on a smaller scale with quadratic fitting (green solid line). (c) True
coincidence-to-accidental coincidence ratio versus pump peak power. Each data point is acquired
over an integration time of 300 seconds. The error bars are calculated assuming Poissonian photon
counting statistics. 17
4 Discussion/summary
We have demonstrated direct generation and detection of high-purity photon pairs across the
visible/near-IR (780 nm) and mid-IR (3950 nm) spectra, using only room-temperature optics. The
generation utilizes spontaneous parametric downconversion in a lithium-niobate waveguide with
specially designed geometry and periodic poling. The detection of 3950 nm uses an upconversion
photon detector consisting of another similar lithium-niobate waveguide for quantum frequency
conversion, followed by a silicon avalanche photodiode.
Our results highlight a viable approach to heterogeneous quantum systems by integrating in-
compatible quantum devices and processes using highly-nondegenerate, quantum correlated pho-
tons. This may prove to be crucial for achieving quantum supremacy, as there is no single material
platform capable of hosting all necessary quantum functionalities. Rather, a breadth of disparate
quantum devices have exhibited practical advantages for certain, individual quantum tasks. By effi-
ciently integrating them, scalable, practically-connected quantum systems are possible to establish
practical advantages.
For the near-term applications, our technique can be adopted quickly for quantum enhanced
technology of sensing and imaging in mid-IR by leveraging the extensive developments in the
visible/near-IR regime. Prospective applications includes single photon microscopy and quantum-
enhanced spectroscopy for sensitive biomedical imaging and diagnostics. It also unlocks a new
paradigm of weather-proof quantum communications using 3950 nm photons, which promises to
mitigate the atmosphere disturbance and extend the reaching range.
18
The immediate future work is to adopt the quantum optical arbitrary waveform technique
for both photon pair generation and upconversion detection, which will potentially improve the
coincidence-to-accidental coincidence ratio by >20 times (to over 1000) while further suppressing
background noise photons. The same technique can be used to create high-dimensional entangle-
ment, which will further increase the robustness of the quantum free space applications against
even some of the most challenging atmospheric conditions.
Methods
Experimental setup for photon-pair generation In the experimental setup shown in Fig. 2, the
10 MHz-repetition rate, 130 ps pump pulses at 651.2 nm is generated via sum frequency generation
between amplified optical pulses at 1555.1 nm and a continuous-wave laser at 1120.4 nm, through
1555.1 nm + 1120.4 nm → 651.2 nm. Both the 1555.1 nm and 1120.4 nm beams are combined
by using a dichroic mirror before focused and coupled into a 25-cm long MgO:PPLN waveguide
using an aspheric lens. The lens is chosen to match the mode field diameter and numerical aperture
(NA) of the waveguide for the optimum coupling, with efficiencies at 35% and 30% for each. The
output pulses at 651.2 nm are collimated using another high-NA ashperic lens. A set of cascaded
bandpass filters centered at 650 nm are used to clean up the residual 1555.1 nm and 1120.4 nm light
with>130 dB extinction ratio, which also rejects most Raman scattering photons in the waveguide.
Then, a sequence of a quarter-wave plate, a half-wave plate, and a polarizing beam splitter is used
to rotate the polarization state of the pump pulses into the vertical polarization, as required for the
SPDC.
19
The PPLN waveguide for SPDC is enclosed in a metal-block housing, whose temperature
is stabilized at 32.2 ± 0.1 ◦C. The output of SPDC photons are collimated by using a 90-degree
off-axis parabolic silver mirror with a focal length of 12.5 mm in order to achieve achromatic
collimation and good coupling for the largely nondegenerate signal and idler photons. Separated
by a dichroic mirror, the signal photons at 780 nm are guided through cascaded bandpass filters
centered at 780 nm with 3 nm FWHM-bandwidth, to reject the residual pump pulses and the out-
of-band photons from spontaneous Raman scattering by more than 140 dB extinction. Then, the
single photons are coupled into a single-mode fiber (SM600) and detected by a free-running, fiber-
coupled Si-APD (ID100, ID Quantique) with 12.5 % quantum efficiency and low dark-count rate
(<1.4 Hz). The 3950 nm photons are picked by an infrared narrow band filter (center wavelength:
3950 nm, FWHM bandwidth: 60 nm) and upconverted to be detected by a Si-APD (ID100, ID
Quantique) with 22.5% quantum efficiency and low dark count (< 1.8 Hz). A detected photon
produces a TTL pulse, which is fed into a multi-channel time-to-digital converter (SENLS, HRM-
TDC) for coincidence measurement and analyses. The Si-APD has 50 ps timing resolution while
the TDC has 66 ps root-mean-square timing resolution and 27 ps time-bin resolution.
Quantum frequency upconversion The strong pump pulses for upconversion are generated via
second-harmonic generation of amplified 1559.6 nm pulses in a 10-mm-long PPLN waveguide
to generate 779.8 nm pulses with 10-MHz repetition rate, 130 ps FWHM pulse width. Using a
dichroic mirror, both idler photon and the upconversion pump pulse are focused and coupled into
the PPLN waveguide via a 90 degree off-axis parabolic silver mirror (FL=12.5 mm). The coupling
efficiency is about 10% for the idler photons and 25% for the upconversion pump pulses. A set of
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cascaded optical bandpass filters (center wavelength: 650 nm; FWHM bandwidth: 3 nm) are then
used to reject the residual pump pulses and out-of-band spontaneous Raman scattering photons by
more than 160 dB of extinction.
To determine the internal conversion efficiency of the upconversion waveguide, we first mea-
sure the photon-pair generation rate by measuring the signal single photons at 779.8 nm. By using
narrow bandwidth bandpass filters with high extinction ratio, we make sure the detections acquired
by the Si-APD are mainly from SPDC with the signal-to-noise ratio (SNR) by more than 30 dB.
The center wavelength of the narrow bandpass filters for the 3950 nm photons and the subsequent
upconverted 651.2 nm photons were chosen accurately in accordance with the phase matching
conditions. By accounting for the independently characterized total loss from the output of the
SPDC waveguide to the Si-APD, and the quantum efficiency of the Si-APD at the signal wave-
length ( 12.5%), we calculate the photon pair generation rate. Then, we can deduce the internal
conversion efficiency of the upconversion waveguide after including the total transmission loss be-
fore reaching Si-APD (19 dB) and the quantum efficiency of the Si-APD at 650 nm ( 22%). The
total loss from the output of the SPDC waveguide to the output of the upconversion waveguide is
measured to be about 16 dB by using a weak coherent light at 3950 nm generated by difference
frequency generation (DFG) from the same SPDC waveguide. About 3 dB loss is caused by the
output coupling loss of the off-axis parabolic mirror, 1 dB of loss is from the 3950 nm bandpass
filters and dichroic beam splitters, and another 12 dB is from the input coupling efficiency and
propagation loss of the upconversion waveguide. In our setup, the coupling efficiency is mainly
limited by the off-axis parabolic mirror.
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The input coupling loss for the upconversion waveguide can be reduced by using anti-
reflection-coated aspherics lens and optimizing the coupling with individually shaped spatial mode
of upconversion pump and idler photons. The optical loss endured by the upconverted 650 nm pho-
tons due to the off-axis parabolic silver mirror, bandpass filters, free space to fiber coupling is about
4 dB before reaching the Si-APD.
Noise photon counts for different time-frequency modes We measure the noise photons with-
out the input of the idler photons with approximately 144, 725 and 2900 detected time-frequency
modes for different pump peak power, as shown in Fig. 6 (a) and (b). As the intrinsic dark count
and after pulsing probability of the Si-APD are negligible, the majority of the dark counts are from
the spontaneous Raman scattering of the upconversion pump pulses that falls in the window of the
bandpass filter and subsequently detected by the Si-APD. As shown, the noise count rate is higher
with wider bandpass filter (which means more detection modes) and is linearly dependent on the
pump peak power. This highlights the importance of using a narrow bandpass filter matching
with upconverted idler photons for achieving optimum signal-to-noise ratio. The noise detection
at optimum conversion efficiency is about 3.8×10−4 per pulse with 144 detection modes, which
includes the detector dark count, noise photon due to frequency upconversion, blackbody radia-
tion from the environment and inside the waveguides. Several approaches can be implemented
to further suppress the noise count probability. For example, we can employ the quantum optical
arbitrary waveform technique to tailor the upconversion pump pulse in accordance with the phase
matching bandwidth to maximize the noise rejection of the blackbody radiated noise photons in
mid-IR. Additionally, we can minimize the noise photon due to Raman scattering of pump pulse
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by using a much more efficient upconversion PPLN waveguide which will substantially lower the
requirement of the peak power49. The rejection of the pump-induced Raman photons can be further
improved by using a volume bragg grating filter which can provide a much narrower bandwidth
yet with little transmission loss for the upconverted photon50.
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Figure 6: (a) Histograms of the noise photon detection for 144 (green), 724 (red) and 2900 (blue)
time-frequency modes over 100 second integration time. (b) Single photon counts obtained over
100 second integration time for the 144 (green), 724 (red) and 2900 (blue) time-frequency modes
versus the pump power. The error bars assume Poissonian counting statistics and are smaller than
the symbol size.
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